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The interaction between soft optic and acoustic phonons was investigated for Sn2P2(Seo.28So.72)6 
proper uniaxial ferroelectrics by Brillouin scattering and ultrasonic pulse-echo techniques. The elas- 
tic softening of hypersound velocity of transverse acoustic phonons and for both longitudinal and 
transverse ultrasound waves which propagate near direction of the modulation wave vector (in the 
incommensurate phase at x > xlp) was found at cooling to the Lifshitz point in the paraelectric 
phase. The strong increase of the ultrasound attenuation have also been observed. Such phenom- 
ena are related to the linear interaction of the soft optic and acoustic branches in the region of 
relatively short-range hypersound waves and to the strongly developed long-range order parameter 
fluctuations in the ultrasound frequency range. The hypersound velocity temperature dependence 
was described within the Landau-Khalatnikov approximation for the ferroelectric phase. 

PACS numbers: 43.35.+d, 63.20.D-, 64.60.Kw 
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I. INTRODUCTION 

For mixed Sn2P2(Se a; Si_; C )6 crystals, the Lifshitz point 
(LP) is presented near xlp ~ 0.28 and Tlp « 284 K on the 
temperature-concentration phase diagram^ This multi- 
critical point divides the line To (a;) of the second order 
phase transitions, between paraelectric (P2i/c) and fer- 
roelectric (Pc) phases at x < Xlp, from the line Tj(x) 
of the second order phase transitions from the paraelec- 
tric phase into incommensurate (IC) phase at x>xlp- 2 
This IC phase is of type II and related to the Lifshitz 
like invariant in the thermodynamic potential density ex- 
pansion of the order parameter and its derivatives with 
an account of elastic energy and interaction between 
polarization and deformations. 3 At approaching to the 
LP, both temperature width of IC phase Tj — T c and 
wave vector % of the spontaneous polarization modula- 
tion along the line T t {x) continuously decrease to zero: 
Ti-T c ~(x-XLpf and q % ~ (x-x L p) 1/2 --^ The expo- 
nents of critical behavior near the LP with one direction 
of modulation in uniaxial ferroelectrics could be modi- 
fied by developed critical fluctuations^— In this case, the 
pillow-like anisotropy of the critical fluctuations in the 
reciprocal space was predicted theoretically 5 and have 
been confirmed by synchrotron radiation diffuse scat- 
tering experiments^ Also, two-length-scale critical phe- 
nomenon have been predicted^ in uniaxial Sn2P2Sg (SPS) 
ferroelectrics with second order phase transition near the 
LP on the state diagram. The observed shape of the 
phase diagram and the X-ray diffraction data for temper- 
ature and concentration dependencies of the modulation 
wave vector in IC phase of Sn2P2(Se :E Si_ :r )6 ferroelectrics 
generally satisfy predicted behavior for the case of LP. 9 
From these experiments, the diffraction data about mod- 
ulation behavior are available only far enough from the 
xlp ~ 0.28, i.e. for x = 0.6, 0.8 and 1,— because the related 
satellites were not resolved for smaller concentrations of 
selenium in the Sn2P2(Se x Si_ x )6 mixed crystals. 



The wave vector qi position near the Brillouin zone 
center is determined by linear interaction of the soft op- 
tic and acoustic phonon branches with similar symme- 
try. Such interaction was clearly observed by inelastic 
neutron scattering for the Sn 2 P2Se6 crystals^ It was es- 
timated that qi could move to zero at decreasing x to 
xlp mostly on the matter of changing in the soft optic 
branch. It is expected that the optic-acoustic phonon in- 
teractions and developed fluctuations could strongly in- 
fluence on the acoustic properties of investigated crystals 
in the nearest vicinity of the LP. The anomalies of acous- 
tic properties could be observed by Brillouin scattering 
spectroscopy and by ultrasonic measurements. 

The linear interaction between optic and acoustic 
phonons was earlier observed by inelastic neutron scat- 
tering for cubic paraelectric phases of perovskite crys- 
tals SrTi0 3 , BaTi0 3 , KNb0 3 , KTaO^-i 3 - and for crys- 
talline Si02»^ Such interaction is supposed to be im- 
portant for the low temperature anomalous behavior of 
quantum paraelectrics^ and for the description of re- 
laxational dynamics in relaxor materials^ It is directly 
involved into mechanism of the IC phase appearance in 
quartz ^ 

The linear repulsion between optic and acoustic 
branches was investigated for cubic SrTi0 3 17 and for hex- 
ahonal crystals of quartz near phase transition into their 
IC phased by Brillouin scattering spectroscopy. Such 
repulsion rapidly decreases as q 2 at approaching to Bril- 
louin zone center. By this, at Brillouin scattering with 
participation of phonons with q « 10 5 cm -1 , the linear 
interaction of optic u>o(q) and acoustic U) a (q) branches is 
found as weak anticrossing features for the frequencies 
wave vector dependencies, but was observed clearly for 
their damping evolution as function of wave vector qj 14 i 17 

For ultrasound waves with q«10 2 cm -1 , some effects 
of linear interaction of unstable optic mode and acous- 
tic phonons obviously will appear in very small, practi- 
cally very difficult for observation, temperature interval 



of paraelectric phase near the phase transition point. But 
near the LP even in uniaxial ferroelectrics, the growing 
of fluctuation effects is expected^—, and here some ultra- 
sound wave softening and rise of their attenuation could 
be really observedJ^— 

For SPS crystals in the paraelectric phase near the 
second order ferroelectric transition at T sw 337 K, 
the weak logarithmic fluctuational corrections were 
observed for longitudinal ultrasound velocity 21 which 
are in agreement with investigations of heat capacity 
critical behavior 22 and with renorm-group theoretical 
predictions.— The hypersound velocity and attenuation 
temperature behavior in ferroelectric phase have been 
studied by Brillouin spectroscopy for these crystals.— 
As for ultrasound frequencies 2 ^, the hypersound veloc- 
ity temperature dependence at T <Tq was quantitavely 
described^ 3 - in the Landau-Khalatnikov (L-K) model 24 
with a single relaxation time and electrostriction coeffi- 
cients as coupling parameters between elastic waves and 
spontaneous polarization. For description of the hyper- 
sound attenuation temperature and frequency dependen- 
cies in the ferroelectric phase of SPS crystals, the mode 
Gruneisen coefficients for the lowest energy optic phonons 
and for acoustic phonons were applied as interaction pa- 
rameters in the L-K model.— 

By Brillouin scattering in different geometries, in com- 
parison with ultrasound data, the dispersion of phase 
sound velocity was investigated for paraelectric phase of 
SPS and Sn 2 P2(Se .28So.72)6 crystals in [001] crystallo- 
graphic direction, which is oriented near the modulation 
wave vector of the IC phase at x > x^p. Any veloc- 
ity dispersion was not found for SPS crystals, but for the 
mixed crystal with x=0.28, the dispersion of longitudinal 
sound velocity have been observed at room temperature 
in paraelectric phase near the LPj2& This dispersion could 
be related to the linear interaction of unstable soft optic 
mode with acoustic phonons that induce the IC phase at 
x>x LP . 

In this paper, the results of Brillouin back scatter- 
ing spectroscopy together with ultrasound investigations 
for the Sn2P2(Seo.28So.72)6 crystals, of the xlp concen- 
tration, in a wide temperature interval including the 
LP are presented. The experimental data of tempera- 
ture dependence of hypersound and ultrasound velocity 
and attenuation for longitudinal and transverse acoustic 
waves were analyzed with consideration of linear interac- 
tion of the soft optic and acoustic phonon branches and 
with accounting of fluctuation contribution to explain the 
temperature anomalies in paraelectric phase. The L-K 
model was used for the acoustic properties analysis in the 
ferroelectric phase. 

The obtained data on acoustic anomalies support ear- 
lier conclusion about LP presence at xlp ~ 0.28 in 
Sn2P2(Se x Si_ x )6 ferroelectrics where X-ray and neu- 
tron diffraction data do not permit exact determination 
of modulation wave in the IC phase at concentration 
x^x LP . 



II. EXPERIMENTAL RESULTS 

Brillouin scattering was investigated in back scattering 
geometry using a He-Ne laser, and a pressure-scanned 
three-pass Fabry-Perot interferometer with sharpness of 
35 and free spectral range of 2.51 cm -1 . The samples 
were placed in a UTREX cryostat in which the temper- 
ature was stabilized with an accuracy of 0.3 K. With 
earlier determined^ 5 apparature function 0.04 cm^ 1 and 
at fitting of sattelite spectral lines by Lorentzians, the 
velocity V and attenuation a of acoustic phonons were 
calculated using relations for back scattering geometry: 



V 



2n 

V 



(1) 

(2) 



where Avpr and Ts r is a Brillouin component shift and 
halfwidth, respectively, Ao is the wave length of the He- 
Ne laser, n is the refractive index. The accuracy was 
about 3% for sound velocities and about 10% for atten- 
uation. In calculations of the hypersound velocities, the 
refractive index n = 3.25 for the Sn2P2(Seo.2sSo.72)6 crys- 
tals was usedi^I 

The measurements of the ultrasonic velocity were 
performed using a computer controlled pulse-echo 
equipment f 2 ^ The precision of relative velocity measure- 
ments was better than 10~ 4 . The temperature stabiliza- 
tion was better than 0.02 K. The sample was carefully 
polished to have precisely parallel faces normal to the Z 
axis. Silicon oil and Nonaq stopcock grease were used 
as an acoustic bonds for longitudinal and transversal ul- 
trasonic waves respectively. The measurements were car- 
ried out at 10 MHz frequency using piezoelectric LiNbC>3 
transducers. 

The investigated Sn2P2(Seo.2sSo.72)6 monocrystals 
were grown by vapor-transport method. 1 For Brillouin 
scattering, the samples with 10x12x3 mm 3 dimensions 
were used. For the ultrasound measurements, the sam- 
ples with 6 x 4.5 x 4 mm 3 for longitudinal waves and 
6 x 4 x 2.3 mm 3 for transversal waves were prepared. In- 
vestigated elastic waves were propagated along [001] di- 
rection (Z axis) in the monoclinic symmetry plane (010). 
For studied ferroelectrics, spontaneous polarization vec- 
tor is directed in the symmetry plane near [100] direction 
(X axis). The wave vector of modulation in the IC phase 
(at x>xlp) is oriented in the symmetry plane near [001] 
direction^ 

Recorded in Z(X0)Z geometry Brillouin scattering 
spectra for Sn2P2(Seo.2sSo.72)6 crystal at several temper- 
atures are presented at FigfTJ Related to the longitudi- 
nal LA and transverse TA acoustic phonons temperature 
changes of satellites is clearly seen. The temperature de- 
pendencies of phase velocity V(T) and attenuation a(T) 
for longitudinal LA(ZZ) and transverse TA(ZX) hyper- 
sound waves show major anomalies near second order 
phase transition at T «284 K (Figfjand FigSJ. 

The ultrasound investigation data for 
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FIG. 1. Brillouin scattering spectra for Sn2P2(Seo.2sSo.72)6 
crystal at Z(X0)Z geometry for temperatures: 1 - 203 K, 2 
- 290 K, 3 - 323 K. The satellites of TA(ZX) phonons are 
indicated by arrows. 
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FIG. 2. Temperature dependencies of hypersound velocity 
(a) and attenuation (b) for longitudinal LA(ZZ) phonons 
in Sn2P2(Seo.28So.72)6 crystal: point — Brillouin scattering 
data, solid lines — calculated dependencies by relations @ 
and {TO} in L-K model. 
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FIG. 3. Temperature dependencies of hypersound velocity 
(a) and attenuation (b) for transverse TA(ZX) phonons in 
Sn2P2(Seo.28So.72)6 crystal on Brillouin scattering data. 



Sn 2 P2(Seo. 28^0. 72)6 crystals also shows pronounced 
anomalies for the velocity and attenuation of longitudi- 
nal (FigHJ) and transverse (FigJS]) acoustic waves. The 
attenuation anomalies at To is so sharp that apparatus 
can not follow it. So, the attenuation is rounded 
and at maximum can be 10 or even 30 cm -1 , but at 
temperature scale less than 1 mK. Also, the phase 
transition temperature can be spread over volume of 
sample because of imperfections or even temperature 
stability. It is very difficult task to measure such large 
changes in mKelvins range. Moreover, the attenuation 
behavior obviously is affected by domain scattering of 
acoustic waves in the ferroelectric phase. 

The ultrasound velocity and attenuation temperature 
anomalies are largest for the shear TA(ZX) waves (FigfS]). 
Contrary, the shear TA(ZY) ultrasound waves demon- 
strate only small jump for their velocity temperature de- 
pendence and a little rise of attenuation near the phase 
transition temperature (Fig|51). 

It is known that acoustic behavior near phase tran- 
sitions is determined by fluctuational effects at T > Tq. 
Here some contribution from the crystal lattice defects 
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FIG. 4. The velocity (a) and attenuation (b) of longitudi- 
nal ultrasonic wave along Z axis temperature dependencies in 
Sn2P2(Seo.28So.72)6 crystal near the LP. 
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FIG. 5. The temperature dependencies of shear ZX ultrasonic 
mode (Z-propagation direction, X-displacement) velocity (a) 
and attenuation (b) near the LP in Sn2P2(Seo.2sSo.72)6 crys- 
tal. 



could also appear. In addition at T < To, the relax- 
ational interaction between spontaneous polarization and 
acoustic waves appears. On calorimetric data^ 2 - and ul- 
trasound investigations 2 ^ for the SPS crystals near the 
second order phase transition at To rs 337 K, the fiuc- 
tuational contribution in paraelectric phase appears as 
very small logarithmic corrections. In the ferroelectric 
phase of SPS crystals, the sound velocity anomaly was 
successfully described in L-K approximation with sin- 
gle relaxation time for spontaneous polarization ^ 1 ' 25 The 
sound attenuation temperature and frequency dependen- 
cies were described^ 5 - in the L-K model with account- 
ing of Grunaisen coefficients for low frequency optic and 
for acoustic modes. Generally, the phase transition in 
SPS crystals could be considered as example of almost 
mean field behavior for their acoustic properties. The 
anomalies of sound velocities for SPS crystal and for the 
mixed Sn2P2(Seo.2sSo.72)6 crystals with LP composition 
are compared at FigJTl For convenience of comparison 
of the ultrasound and hypersound velocity temperature 
behavior, the experimental data are presented in relative 
coordinates. 



It is seen that addition contributions to the V(T) and 
a(T) anomalies appear near the LP. For LA phonons, 
such addition contribution was not observed by Brillouin 
scattering but clearly was found for the ultrasound waves. 
Here the significant anomalies for the velocity and the 
attenuation (FigHJ) appear in the paraelectric phase of 
x = 0.28 crystals. For SPS crystals, the ultrasound at- 
tenuation is near 1 cm -1 in the paraelectric phase and 
almost constant at variation of temperature^ 

For TA(ZX) phonons, clearly elastic softening is ob- 
served near the LP on Brillouin scattering data. Here 
the hypersound velocity decreases from 2000 m/s in the 
paraelectric phase till 900 m/s near phase transition tem- 
perature (FigJSJ) . The ultrasound data also reveal acous- 
tic softening for the transverse waves that propagate in 
[001] direction and polarized in [100] direction. For such 
waves, the velocity decreases from 2100 m/s in the para- 
electric phase to 800 m/s at phase transition (Figj5|) . But 
for the trasverse TA(ZY) waves at the phase transition, 
the small jump on the velocity temperature dependence 
is only observed (FiglB]). It is important to note that 
the attenuation for TA(ZX) phonons have not relatively 
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FIG. 6. The temperature dependencies of shear ZY ultrasonic 
mode (Z-propagation direction, Y-displacement) velocity (a) 
and attenuation (b) Sn2P2(Seo.2gSo.72)6 crystal. 



strong anomaly near the LP on Brillouin scattering data 
(Fig®, but a(T) dependency for the TA(ZX) phonons 
strongly rises near the LP as seen from ultrasound data 
(Fig©. 

So, really acoustic softening is found for LA(ZZ) and 
especially for TA(ZX) phonons in the paraelectric phase 
near the LP in Sn 2 P2(Seo.28So.72)6 crystals. For LA 
phonons, this softening together with rise of attenuation 
appears only in ultrasound range. For TA phonons, the 
elastic softening is observed in hypersound region without 
strong anomaly of attenuation and in ultrasound region 
with relatively big anomaly of the acoustic attenuation. 

In the ferroelectric phase both for SPS and £=0.28 
crystals on Brillouin scattering data, the hypersound ve- 
locity of LA(ZZ) phonons demonstrate similar behavior 
which is characteristic for the L-K anomaly. Here the 
ultrasound velocity temperature dependence almost co- 
incides with hypersound V(T) dependence at low tem- 
peratures. 
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FIG. 7. a - temperature dependence near the phase tran- 
sitions of longitudinal LA(ZZ) sound velocity variation rela- 
tively their high temperature value V p in paraelectric phase: 
for ultrasound in Sn2P2(Seo.28So.72)6 (solid line) and in 
Sn2P2S6 (dashed line); for hypersound in Sn2P2(Seo.2sSo.72)6 
(open circles) and in Sn2P2Sg (dark squares), b - tempera- 
ture dependence of ultrasound (dark squares) and hypersound 
(open circles) velocities for transverse TA(ZX) acoustic waves 
in Sn2P2(Seo.28So.72)6 crystals near the LP. 



III. ANALYSIS OF EXPERIMENTAL DATA 

The IC phase and LP presence at the T — x diagram of 
Sn2P2(Se a; Si_ a ;)6 mixed crystals is related to linear inter- 
action of soft optic and acoustic branches^ An increase 
of the order parameter fluctuations is also expected near 
the LP. 7 Both mentioned origins to the sound velocity 
and attenuation anomalies near the LP in x = 0.28 crys- 
tals will be analyzed. For the ferroelectric phase, the 
V(T) and a(T) dependencies are analyzed within L-K 
model. 24 

Let's start with consideration of possible appearance of 
the linear interaction of soft optic and acoustic phonons 
in the paraelectric phase at cooling to the LP. The soft 
optic branch is fully symmetrical (A') in q z direction of 
Brillouin zone for the P2i/c space group. For such wave 
vectors, the acoustic branches for LA(ZZ) and TA(ZX) 



phonons also found similar symmetry. The linear interac- 
tion of soft TO phonons with acoustic phonon branches 
was clearly observed by inelastic neutron scattering in 
paraelectric phase of Sn2P2Se6 crystals^ The strength 
of this interaction d is in square dependence on the wave 
vector modulus q (d — ^iq 2 ). It determine the lattice in- 
stability near 0.1q max and the IC modulation appearance 
at the second order phase transition with Tj « 221 K in 
Sn2P2Se6 crystals^Jii In the mean field approximation 
for the incommensurate phases of type II in proper ferro- 
electrics, the coupling between the strain u and the order 
parameter P (polarization) can induce the incommensu- 
rate instability, as firstly discussed for the IC phase in 
quartz.— The thermodynamic potential in such a case 
can be written as 
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Here the interaction between the strain and the order 
parameter is represented by the last term. Such interac- 
tion over a wide g-range can be described by 10 



d{q) 



M 

1.57T 



sin(1.57rq) 



(4) 



and for small q we find d(q) = \xq 2 . The value of /i was ad- 
justed to fit the parameter d through the Brillouin zone. 
The effects of discrete lattice were accounted by taking 
for the acoustic dispersion 



loa = — sm(7r<7). 

7T 



(5) 



The position of the incommensurate instability is equal 



to 



<11 



9 



S*_ 
.9 



(G) 



In this model, it was put all of the temperature depen- 
dence in the parameter A = olt(T — Tq), i.e. all of the 
soft-mode behavior in the "optic" (P = P X ) fluctuations, 
while keeping other parameters of potential (J3J fixed in 
the simulation of the phonons branches at different tem- 
peratures. 

In the mixed Sn2P2(Se a; Si_ : ];)6 crystals, S* ~ (x — xlp) 
and the temperature width of IC phase continuously de- 
creases at x — > xlp which is observed experimentally on 
the T — x diagram. 4 As it is expected, the modulation 
wave vector continuously moves to zero with concentra- 
tion x lowering to Xlp. The q 2 ~ (x — Xlp) dependence 
was observed by X-ray diffraction 2 at selenium content 
decreasing from 1 till 0.6. For smaller concentrations 
of selenium, in the interval 0.28 < x < 0.6, the satel- 
lites related to the modulation wave are too close to the 
main Bragg peaks and those satellites were not resolved 
at diffraction experiments. 2 



From relation ([6]), it follows that qi — >• at rise of 
soft optic branch dispersion coefficient S, at increas- 
ing of elastic modulus c^, or at lowering of interac- 
tion constant /i. It was earlier estimated^ that for the 
Sn2P2(Se a; Si_; C )6 mixed crystals q, — > at x — > xlp if 8 
value have been ch ang ed from 1.9 THz 2 (c*)~ 2 (in units 
introduced in Ref. [TcJ where c* = 2vr x 0.14691" 1 ) at 
x = 1 to 2.42 THz 2 (c*)- 2 at X = 0.28. In this case, 
the values fi = 4.2 THz 2 (c*)~\ g = 44 THz 2 (c*)~ 4 , 
a T = 0.0018 THz 2 K- 1 , V A = 2.7 THz(c*)- 1 were con- 
stant. 

Now we will use these values of 6, fi and Va for the anal- 
ysis of linearly interacting soft optic branch and acous- 
tic branches temperature behavior in the paraelectric 
phase of the x = 0.28 crystal. As was shown earlier ) 14 i 17 
the linear interaction between optic and acoustic phonon 
branches could be described by the following relations for 
the frequencies and damping's of soft optic and acoustic 
phonons (in the case of 'y 2 <tiujQ+oj A ): 



«4 


= Ah+ uj a) ± 


'H - 


-u 2 A ) 2 + Ad 2 


r± 


wi-c4 

7 u4-c4' 







1/2 



(7) 



(8) 



where 7 is damping constant for the "bare" optic 
phonons. Here the dispersion of such optic phonons is 
cjq = A + Sq 2 + 1 q 4 . The dispersion branches for acoustic 
phonons and interaction parameter d were presented by 
relations (0| and ([S]) . We suppose that only real interac- 
tion constant could be accounted. 

The calculated dispersion curves for the interacting 
soft optic and acoustic phonons at different temperatures 
with parameters which have been early determined at fit- 
ting of the neutron scattering spectra for the Sn 2 P2Sc 6 
crystals are represented in Fig(S](a). 10 Here the lattice in- 
stability near qi — 0Aq max is clearly seen that is related 
to the phase transition into IC phase at Tj w 221 K. 
At increase of dispersion parameter 5 to value about 
2.42 THz 2 (c*)~ 2 , the lattice instability wave vector % 
shifts to the Brillouin zone center that is related to the 
transition across LP (FigEJb)). 

The anticrossing phenomenon is clearly observed at 
high temperatures where "bare" optic uj (q) and acoustic 
u) a (q) branches cross at enough high values of wave vec- 
tor q cr . The wave vector q cr decreases at T decrease to 
T and interacting constant squarely lowers as d = [iq 2 . 
By this matter the linear interaction between optic and 
acoustic branches is clearly observed in wide temperature 
interval by neutron scattering at <7«0.1<7 ma2; ~10 7 cm -1 
for different crystals*^— By Brillouin scattering at the 
wave vector value q s* 10 5 cm -1 (or q k 10~ 3 q m ax), the 
linear interaction effect between soft optic and acous- 
tic phonons could be also observed in small temperature 
interval of paraelectric phase near structural transition 
(FigEJc)). For ultrasound waves with q sa 10 2 cm -1 , 
such interaction effects are expected to be very small 
(FigETd)). 
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3 - AT — 2 K). The phonon branches at different temperatures near Brillouin zone center for Sn2P2(Seo.28So.72)6 crystal in 
hypersound (c) (1 - AT = 2 K, 2 - AT = 0.5 K, 3 - AT = 0.01 K) and ultrasound (d) (1 - AT=10~ 6 K, 2 - AT=10~ 7 K, 3 - 
AT=10~ K) ranges of frequencies. 



Indeed, as is shown at Figj9][a), the calculated tem- 
perature dependence for the phase hypersound velocity 
demonstrates elastic softening at cooling till several de- 
grees to To. But for the ultrasound phase velocity, such 
acoustic softening could be expected in very small tem- 
perature interval near T , that practically could not be 
observed. General view of the acoustic branch tempera- 
ture transformation at transition across the LP (Fig|9fb)) 
demonstrates changing of curvature sign for the acoustic 
velocity dispersion — far from the LP V u it ra > Vhyper and 
near the LP in contrary V u itra < 'Vhyper- Such reverse in 
the acoustic dispersion obviously is clear peculiarity of 
the lattice dynamics near the LP. 

Linear interaction of optic and acoustic phonon 
branches determines strong wave vector dependence of 
its damping constant that was calculated by relations 
© for different temperature distance to the LP fFiglTO)). 
For the acoustic phonons, the damping constant is square 
function of its wave vector amplitude with growing coeffi- 
cient at approaching to T^p. From calculations, it follows 



a redistribution of the damping value from optic phonons 
to acoustic one at temperature variation for investigated 
by Brillouin scattering wave vector. 

The temperature intervals for anomalous rise of sound 
attenuation, that are induced by linear coupling with 
damped soft optic phonons, are expected to be in several 
degrees interval for hypersound waves and in mKelvins 
region near To for ultrasound waves (Fig |ll|l . similarly 
to the temperature intervals of anomalous behavior of its 
velocities. 

As it was found experimentally for the x = 0.28 crys- 
tals, the ultrasound velocity V(T) anomalously softens 
and attenuation coefficient a(T) increases in wide enough 
temperature range of order 10 K above To in the para- 
electric phase (Figs0] and [5]). It is interesting to note 
that transverse TA(ZX) acoustic waves demonstrate sim- 
ilar softening at cooling in paraelectric phase in both 
Brillouin scattering and ultrasound experiments (Fig{TJ) . 
Probably, so clearly observed acoustic softening near the 
LP is determined by increasing of the order parameter 
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FIG. 9. a — determined from relation Q temperature depen- 
dencies of hypersound velocity for the longitudinal LA(ZZ) 
with Vla = 2Vta (1) and transverse TA(ZX) (2) acoustic 
phonons in paraelectric phase of Sn2P2(Seo.2sSo.72)6 crystal; 
b — calculated temperature evolution of longitudinal acoustic 
branch near the LP in Sn2P2(Seo.2sSo.72)6 crystal. 



FIG. 10. Calculated by relation ((HJ for paraelectric phase 
of Sn2P2(Seo.28So.72)6 crystal wave number dependencies (a) 
of acoustic phonons damping at two temperatures Tlp + 1 K 
(1), Tlp + 10 K (2), and temperature dependencies (b) of 
acoustic (1) and optic (2) phonons damping at wave number 
q Br ~W 5 cm~\ 



fluctuations in its vicinity. 

The nuctuational anomalies for sound velocity and at- 
tenuation near the ferroelectric phase transitions theoret- 
ically were analyzed in several papersJ^— It was found 
that these anomalies could be in correlation with tem- 
perature dependence of heat capacity c{T). It was pro- 
posed possibility of the linear relation between sound ve- 
locity and heat capacity anomalies (V(T) ~ c(T)) and 
square relation between sound attenuation and heat ca- 
pacity temperature dependencies (a(T) ■~c(T) 2 ). Such 
relations were experimentally confirmed for the NaNC>2 
and TGS ferroelectric crystals! 29 ' 30 

The heat capacity of SPS crystals was investigated in 
several papersi 31 ' 32 On heat diffusivity investigations 22 , 
the heat capacity in the paraelectric phase of SPS crys- 
tals demonstrates logarithmic corrections similarly to 
the temperature dependence of longitudinal ultrasound 
velocity. 21 So, for SPS crystals in the paraelectric phase 
near Tq obviously the proportionality V(T)^c(T) is ob- 



served. 

We have used the heat diffusivity data 33 for analysis 
of relation between temperature anomalies of heat capac- 
ity and ultrasound velocity and attenuation coefficient in 
the paraelectric phase of x = 0.28 crystals. Here it was 
accounted that the heat capacity c is proportional to the 
reciprocal of heat diffusivity coefficient D t h ■ It is shown 
in Fig |12l that the temperature dependence of ultrasound 
velocity for the longitudinal and transverse waves is pro- 
portional to the heat capacity temperature variation in 
enough wide interval 1 K< T — Tq <10 K. So, relation 
V(T) ~c(T) could be considered as evidence of nuctua- 
tional origin of observed acoustic softening near the LP 
in Sn2P2(Se a; Si_ a ;)6 ferroelectrics. 

For ultrasound attenuation, the relation a(T) ~ c(T) 2 
is illustrated on example of longitudinal and transverse 
acoustic phonons in x — 0.28 crystal (Fig |12f b)). Such 
relation exists in smaller temperature interval in com- 
pare with early discussed relation between sound veloc- 
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FIG. 11. Calculated using relation ((8| temperature depen- 
dencies of ultrasound (a) and hypersound (b) attenuation for 
longitudinal (1) and transverse (2) phonons in paraelectric 
phase of Sn2P2(Seo.28So.72)e crystal. 



ity and heat capacity. But in any case, it could be ob- 
viously supposed that observed ultrasound anomalies in 
the paraelectric phase of x — 0.28 crystals near the LP 
are determined by developed fluctuations of the order 
parameter. Such a wide fluctuational temperature inter- 
val was earlier predicted for the LP in Sn2P2(Se a; Si_ 2 ;)6 
ferroelectrics J^ 

Here it could be also pointed that for the SPS crystals 
with three-well potential the lattice instability is related 
to nonlinear interaction of fully symmetrical A g and soft 
optic B u modest Such interaction of A g B 2 type induces 
some softening of the lowest energy A g optic modes at 
cooling to To. Between A g optic phonons and acoustic 
phonons LA(ZZ) and TA(ZX) ,the linear interaction is 
possible at q — > 0. This coupling between strongly an- 
harmonic optic phonons and acoustic waves is obviously 
observed by fluctuational anomalies of velocity and at- 
tenuation for ultrasound in x = 0.28 crystals near the LP. 

The fluctuational mechanism of sound anomalies in 
the lowest order is related to the three-phonon pro- 
cesses of P 2 u type. Such phonon scattering processes 
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FIG. 12. Relations between ultrasound velocity and heat ca- 
pacity V(T) ~ c(T) ~ D 1 (T . (a) and between ultrasound 

attenuation and heat capacity a(T) ~c(T) 2 ~-= — - ( y 2 (b) for 
longitudinal (1) and transverse (2) acoustic waves in temper- 
ature interval 1 K< T — Tlp < 10 K of paraelectric phase in 
Sn 2 P 2 (Seo.28So.72)6 crystal. 



determine the thermal relaxation of phonon subsystem of 
solids and it is accounted in Akhieser's theory for sound 
attenuation ! 36 ' 37 The interaction of P 2 u type originates 
the linear interaction of optic and acoustic phonons at 
deviation from the Brillouin zone center. The interac- 
tion of /i(^)u xz type appears at q z > 0, which could 
be considered as linearization of the nonlinear relation 
P 2 u by the wave vector q z . At transition into ferroelec- 
tric phase, the spontaneous polarization appears and its 
static value induces a linearization of relation between or- 
der parameter and deformation in the form PqPu. Such 
so called linearized electrostriction is an origin of the L-K 
mechanism^ of sound velocity and attenuation anoma- 
lies which will be considered below. 

In the ferroelectric phase of monoclinic crystals for the 
longitudinal sound along [001] direction in the symmetry 
plane at L-K approach, the relations for temperature be- 
havior of sound velocity and attenuation could be found 
from thermodynamic potential ([3]) without gradient in- 
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variants and at adding of electrostriction related invari- 
ants qijkP 2 u and TijkiP 2 u 2 . In such a case, it follows the 
expressions for velocity 



vA = v, 



1 



1 33 



33oo 



1 + UJ 2 T 2 



Hu 



IpBJl 



■IAC 



rii33B 
2Cp 



AAC 



and for the relaxational attenuation 



Voo-V 2 



a 



2V 3 1 + L0 2 T 2 ' 



(9) 



(10) 



Using these relations, the temperature dependencies of 
sound velocity and attenuation were calculated for tem- 
perature interval of the ferroelectric phase and it is com- 
pared with experimental data (Figj2]). At fitting of 
the V(T) dependence in the ferroelectric phase of in- 
vestigated crystals, the earlier determined^ coefficient 
of the thermodynamic potential © were used: or = 
1.6xl0 6 JmCT 2 K" 1 , S = 3.98xl0 8 Jm 5 C" 4 , C = 4.905x 
10 10 J m 9 C -6 . It was also found the electrostriction coef- 
ficients gii3 = 3.5xl0 9 J m C" 2 , r-1133 = 3.9xl0 10 N m 2 CT 2 
and relaxation time To = 7.87xl0 -11 sK for temperature 
dependence t = to/(T — T). For the sound velocity, the 
calculated behaviour coincides with experimental data 
obtained by Brillouin scattering. But calculated depen- 
dence V(T) strongly deviates from ultrasound velocity 
temperature behavior near the phase transition. Such 
strong sound velocity dispersion near Tlp at crossover 
from ultrasound to hypersound interval is obviously re- 
lated to the fluctuational effects near the LP, what was 
early discussed for the paraelectric phase. Now could 
be stressed that we found clear demonstration of very 
strong rise of long- wave fluctuations, observed in ultra- 
sound wave length interval, in comparison with relatively 
small developments of the short-range fluctuations in the 
wave length scale of hypersound range. 

The calculated by formula (ITU)) sound attenuation in 
the ferroelectric phase of x = 0.28 crystals near maxima 
of the a(T) dependence is almost twice larger than ob- 
served by Brillouin scattering (FigJSJ). For SPS crystals 
such disagreement was explained 25 by including the mode 
Gruneisen coefficients as interaction parameters instead 
of electrostriction coefficients. In such estimation, several 
low frequency optic modes, which interact with acoustic 



waves, were taken into account. Its contribution to the 
sound velocity critical anomaly adequately is described 
in the ferroelectric phase using electrostriction coupling. 
But for the sound attenuation temperature anomaly, only 
the lowest frequency optic modes have the major contri- 
bution and Gruneisen coefficients of these modes satisfac- 
tory describe optic-acoustic dissipative interaction!^— 
IV. CONCLUSIONS 

For proper uniaxial Sn 2 P2(Se x Si_ x )6 ferroelectrics, 
the temperature dependencies of sound velocity and at- 
tenuation in the vicinity of Lifshitz point (xlp «0.28 and 
Tlp m 284 K) for the phonons that propagate along direc- 
tion of modulation wave vector (in the incommensurate 
phase at x > xlp) were investigated by Brillouin scat- 
tering and by ultrasonic pulse-echo method. The elastic 
softening was found by Brillouin scattering at cooling in 
the paraelectric phase to Tlp, as remarkable lowering of 
hypersound velocity for the transverse acoustic phonons 
that are polarized in crystallographic plane containing 
the vector of spontaneous polarization and the wave vec- 
tor of modulation. Such softening was observed for both 
longitudinal and transverse acoustic waves for the ultra- 
sound frequencies. Also, strong rise of attenuation for 
these waves have been observed. By analysis of phonon 
spectra with accounting of the thermodynamic properties 
anomalous behavior near the LP in investigated crystals, 
it was shown that such elastic softening in hypersound 
range is induced mostly by linear interaction between 
soft optic and acoustic phonon branches. For the ultra- 
sound frequency region, the elastic softening and growth 
of acoustic attenuation are related to developed order 
parameter fluctuations near the LP. Generally, it was 
demonstrated that linear interaction for short-range op- 
tic and acoustic fluctuations and nonlinear interaction for 
these long-range fluctuations are dominated at approach- 
ing to the LP. In the ferroelectric phase, the Landau- 
Khalatnikov model explains temperature dependence of 
hypersound velocity. 
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